Multiple sclerosis (MS) is a neurodegenerative, autoimmune disease of the central nervous system, and numerous studies have shown that MS has a strong genetic component. Independent studies to identify MS-associated genes have often indicated multiple signals in physically close genomic regions, although by their proximity it is not always clear if these data indicate redundant or truly independent genetic signals. Recently, three MS study samples were genotyped in parallel using an Illumina Custom BeadChip. These revealed multiple significantly associated single-nucleotide polymorphisms within a 600 kb stretch on chromosome 16p13. Here we present a detailed analysis of variants in this region that clarifies the independent nature of these signals. The linkage disequilibrium patterns in the region and logistic regression analysis of the associations suggest that this region likely harbors three independent MS disease loci. Further, we examined cis-expression QTLs, histone modifications and CCCTC-binding factor (CTCF) binding data in the region. We also tested for correlated expression of the genes from the region using whole-genome expression array data from lymphoblastoid cell lines. Three of the genes show expression correlations across loci. Furthermore, in the GM12878 lymphoblastoid cell line, these three genes are in a continuous region devoid of H3K27 methylation, suggesting an open chromatin configuration. This region likely only contributes minimal risk to MS; however, investigation of this region will undoubtedly provide insight into the functional mechanisms of these genes. These data highlight the importance of taking a closer look at the expression and function of chromosome 16p13 in the pathogenesis of MS.
INTRODUCTION
Multiple sclerosis (MS) is an autoimmune neurodegenerative disease of the central nervous system. MS has a wellestablished genetic component, but extended families with MS are uncommon and multiple genetic studies have yielded virtually no consistent results. This, coupled with the fact that MS has a complex clinical presentation, suggests a heterogeneous genetic etiology. Due to the autoimmune nature of the disease, there was early success in the 1970s with the discovery that variants in the major histocompatibility complex (MHC) were associated with MS, specifically the HLA-DRB1 * 1501 allele. The identification of several non-MHC MS disease susceptibility loci has been achieved through recent genome-wide association studies (GWAS) (1 -3) . To date, 16 non-MHC genes have emerged as MS disease susceptibility loci, including IL7RA, IL2RA, CLEC16A, CD226, CD58, TYK2, CD6, IRF8, TNFRSF1A, MMEL1, KIF21B, TMEM39A, IL7, SOCS1, CIITA and CD40 (4 -15) .
An important remaining question is how many variants explain the genetic component of MS. Although this may prove to be an impossible question to answer precisely, recent studies suggest that there are several hundred common alleles across the genome with very modest effect sizes that collectively influence MS risk (16) and many additional rare alleles may further explain the variable nature of this complex disease (17 -19) . Additionally, environmental variables and interactions (both gene -gene and gene -environment) also likely contribute to the 'missing heritability' of most complex diseases (20) . The discovery of a genomic region on chromosome 16 where multiple independently associated single-nucleotide polymorphisms (SNPs) are clustered provoked us to further investigate what impact this region may have on MS pathogenesis. A 600 kb stretch of chromosome 16 contains several genes that were the focus of three recent publications: a candidate gene study of CIITA (8) , an extensive follow-up of the GWAS performed by the International Multiple Sclerosis Genetics Consortium (IMSGC) that included SNPs from CLEC16A, PRM1, PRM2 and PRM3 (14) and a candidate pathway approach examining genes involved in the IL7RA-IL7 pathway including SOCS1 (15) . While this chromosome 16 region directly contributes a small amount to risk, investigation of this region will undoubtedly provide insight into the functional mechanisms of these genes in general and could help clarify the underlying pathology for MS. Here, we collectively examine the region spanning these loci. Through our interrogation of this region, we detect several areas of 'independent genetic signal' [that is, not sharing linkage disequilibrium (LD)], we find some of these risk variants are differentially sensitive to HLA-DRB1 * 1501 genotype (8) , and that these variants could potentially regulate the transcription of multiple genes in the region due to shared cisregulatory mechanisms.
RESULTS
The Armitage trend tests on the overall and HLA stratified data sets for all SNPs in this region are presented in Supplementary Material, Table S1 14; encompassing CLEC16A -SOCS1 intergenic region, SOCS1, TNP2, PRM1 -3, C16orf75, LOC388210 and LOC400499). Also, this LD pattern was consistent when stratifying the samples by HLA (HLA+ versus HLA2) and by affection status (cases versus controls) (data not shown). These data suggest that each of these regions is independent (i.e. little to no residual LD across blocks with an average D ′ value of 0.19 and average r 2 value of 0.01). Given the low r 2 values between SNPs of the three regions, it is highly unlikely that these signals are redundant due to LD (Figs 1 and 2 ). The most significant P-values from the Armitage trend test in each region include a SNP from CIITA (rs4774), a SNP from CLEC16A [rs7184083, which had the lowest P-value in this gene in our data set and is in LD (r 2 ¼ 0.31; D ′ ¼ 1.00) with the previously identified variant, rs12708716], and two SNPs from the SOCS1 region (one in CLEC16A -SOCS1 intergenic region, rs1640923; and one in PRM1, rs12922733) ( Table 1 ). These specific SNPs are highlighted because they are the most significant SNP from each of the three regions, and each has since been replicated in independent studies (12 -14) . We performed logistic regression analysis for each pair-wise combination of these four SNPs to examine possible interactions. In those SNP pairs with significant interactions, we then modeled each SNP adjusting for the interaction term using logistic regression (Table 2 ).
In the overall data set, the SNP in CLEC16A (rs7184083) had the most significant main effect of the four SNPs (Table 1 ). There are also significant interactions between SNPs in CIITA and CLEC16A and between SNPS in CIITA and PRM1 (Table 2 ). However, with even a modest correction for multiple testing, the significance of these interactions disappears. All four SNPs had significant P-values for their main effects after accounting for the interaction effect (data not shown). There was also a significant haplotype effect observed between the major alleles of both rs1640923 and rs12922733 in the third region (data not shown).
From available whole-genome expression data derived from Hapmap CEU lymphoblastoid cell lines, we examined the potential correlations in expression levels between 11 unique transcripts. These transcripts cover nine genes: CIITA, DEXI, CLEC16A (two alternatively spliced transcripts), SOCS1, PRM1, PRM2, PRM3, C16orf75 (two alternatively spliced transcripts) and Q6ZTK2_HUMAN (encoding a putative uncharacterized protein, LOC400499). Highly significant correlations were seen between expression probes related to the adjacent genes DEXI, CLEC16A and SOCS1 (Table 3) .
To corroborate these results, we examined histone and CCCTC-binding factor (CTCF) ChIP data from the UCSC We also annotated significantly associated SNPs for expression QTLs (eQTLs) based on an analysis by Veyrieras et al. (21) . Of all 39 significant Armitage tests (P , 0.05) in the region, 21 of them are eQTLs for C16orf75, most with highly significant associations to expression changes in the gene/reading frame (P ¼ 0.01 to 1.5e211). The remaining 18 significant Armitage test SNPs are eQTLs for other genes in the region (CLEC16A, SOCS1, PRM1 and PRM2) (Fig. 3) . Interestingly, three SNPs are eQTLs for lipopolysaccharide-induced TNF factor (LITAF), a gene 200 kb downstream from the region, and these three SNPs are more significant in the HLA2 strata.
DISCUSSION
One hundred and forty-nine SNPs were genotyped and analyzed across the 16p13 region for MS susceptibility. The CEU LD data for this region of chromosome 16 suggests that there are three distinct LD blocks (Fig. 3) . After identifying the previously replicated SNP with the most significant association to MS (strongest P-value) from each of the three sub-regions, we further investigated the region for interaction effects. All of the nominally significant pairwise interaction models (Table 2 ) had significant main effects and the significance of the interactions disappears with correction for multiple testing. In addition, we also observed significant correlation of expression probes between DEXI, CLEC16A and SOCS1 (Table 3) , which could indicate a common regulatory element. Although the HLA locus contributes more to MS risk than any other locus, our work again confirms that the chromosome 16p13 region independently contributes to MS risk. While the change in risk conferred by this region is small compared to that of HLA, further study of the 16p13 genes is likely to give insight to the less well understood, non-HLA-mediated cellular events that augment MS pathology.
The patterns of LD and the tests of independence in the logistic regression model (by adjusting for an interaction term) both suggest that each of these SNPs (and hence their tagged genes) has an independent effect(s) on MS susceptibility. Furthermore, these data suggest that there are interactive effects within this 600 kb region that also contribute to MS susceptibility.
We were surprised to discover that several SNPs were eQTLs for PRM1 (and one for PRM2) in several different nontestes cell lines, despite the likely testes-specific expression and function of these in vivo and obvious 'repressive' chromatin marks on the PRM genes in cell lines. We speculate that the region between CLEC16A and SOCS1 contains a regulatory domain that influences expression of multiple genes in this region and that genetic variants in this region alter MS risk through expression of more than one gene. The long-range nature of this cis-regulation might influence low levels of 'leaky' PRM1 transcription in cultured cell lines, explaining the eQTL effect on PRM1. Alternatively, some of the eQTL signals could reflect indirect (trans) effects on gene expression. Other SNPs in this region are shown to be associated with other autoimmune disorders (22, 23) .
Because of the differential associations with HLA strata, we have identified four sub-regions of independent association in this genomic region. The Subregion I variant(s) may be functioning through CIITA exclusively, as this area has little LD and no evidence for eQTL effects (Figs 3 and 4) . Likewise, Subregion II is contained with the CLEC16A transcription unit and in an LD block associated with this gene. In contrast, Subregion IIIa shares little LD with the structural genes in the region, but contains SNPs with eQTL effects on several genes in the region. The role of Subregion IIIb is unclear, although it is doubtful that it acts via altering PRM gene cluster expression as expression is likely to be tightly restricted to testes in vivo. More likely, Subregion IIIb variants affect cisregulation of or are simply in LD with one or more SNPs that act through SOCS1 or C16orf75. Therefore, further searches for undiscovered variants in these genes may be warranted.
Because this is a small chromosomal region, it is reasonable to hypothesize that some regulatory mechanisms for separate genes have co-evolved. Sets of genes that are highly conserved across species could support a model for some degree of common regulatory control and thus, expression of several or all genes in this region. In addition to comparing expression, searching for known regulatory regions could also be influential in the search for the mechanism of disease pathology. If any other SNPs with significant P-values are in LD with a known regulatory region, it would suggest possible co-regulation of these genes. These effects could be located in regulatory elements that affect the transcription of the whole region, similar to the locus control regions that affect globin gene cluster expression (24) . (33) (34) (35) . The red box highlights an interesting region that has significant P-values in the HLA2 stratum, which overlaps with a cis-eQTL and CTCF binding site. Region III may harbor eQTLs that act in cis to affect transcription of multiple genes in the region (arrows), some of which are implicated functionally in MS pathology (red arrows). Alternatively, the eQTL effects may not be cis-effects but could be indirect. Region IV has a dashed line to indicate LD with C16ORF7.
PRM1 and PRM2, the genes with the most significant SNPs in the LD block containing SOCS1, do not appear to have a biological function relevant to known MS etiology (25) . However, these SNPs, or SNPs in LD with them, could be involved in regulating transcription of SOCS1, which is a more logical candidate gene for MS pathogenesis. This is especially interesting given the previously shown role of SOCS1 in regulating inflammation. SOCS1 deficiency in T cells leads to hyperactivity in Th1 cells and a reduction in Th17 response, which has been linked to the pathogenesis of autoimmune disease (26) . In addition, SOCS1 deficiency causes the breakdown of self MHC-T cell receptor recognition during thymic differentiation. This process leads to a release of autoreactive T cells (27, 28) . This mechanism could explain the breakdown in the normal control of T cell differentiation leading to T-cell hyper-reactivity, which may ultimately contribute to the attack on the myelin sheath.
Some differences in gene expression across this region argue against co-regulation. For example, CIITA expression in lymphoblastoid cells does not correlate with that of other genes in the region. On the other hand, the expressioncorrelated genes DEXI, CLEC16A and SOCS1 lie in a contiguous 'active' region of H3K27 methylation, and the eQTL data may support cis-effects that act across gene boundaries (e.g. LITAF) (Supplementary Material, Table S1 ).
The confluence of significant results on this arm of chromosome 16 has raised important questions. We have demonstrated that there are multiple independent signals in this genomic region. In various cell lines that are publicly available, these genes are not expressed together despite the conserved synteny of the 600 kb region. If regulatory elements located here (e.g. the SOCS1 region) overlap with MS-associated SNPs, they might influence expression of the nearby more biologically plausible gene, SOCS1. As there is no direct evidence for gene co-regulation, more studies are needed to confirm a model for SNPs that regulate multiple genes in cis. Further studies of expression and genotype correlations in additional lymphoblastoid cell lines and/or T cells from MS patients and controls should help refine these possibilities. These data suggest distinct functional mechanisms for these independent genetic effects in the etiology of MS.
MATERIALS AND METHODS

Genotyping techniques
SNPs of interest in the region were typed using the Illumina iSelect Custom BeadChip platform. A total of 48 767 SNPs were successfully arrayed on the custom beadchip and subsequently genotyped as part of a multi-center collaborative research project through the IMSGC. A total of 149 SNPs in the region of chromosome 16 (bp: 10,870,067 -11,462,368 for Build 36 Version 127) were analyzed for this work using a previously described final data set (14, 15) . SNPs in the chromosome 16 region were chosen for various projects: candidate gene study (CIITA), candidate pathway study (SOCS1 region) and as a replication study for top GWAS hits (CLEC16A) (12) (13) (14) . All available SNPs (based on Illumina's success algorithm) were selected for genotyping in the regions of interest.
Quality control
The data set consisted of 2961 individuals (1479 cases and 1482 controls) collected from the USA and the UK. The McDonald criteria were used to provide a positive MS diagnosis (29) . The controls were collected from the same US sites as the cases and from the 1958 Birth Cohort in the UK. Controls were selected to match the ratio of female to male cases. Samples with clinically isolated syndrome (CIS) were excluded from the UK subset. Only 7% of the US subset had CIS at the time of their examination; however, these individuals almost always develop MS. The samples were all nonHispanic individuals of European ancestry. The table of demographics can be found elsewhere (Table 4 of IMSGC 2009) (14) .
We tested for SNP and sample genotyping efficiency, allele frequencies, gender errors and Hardy -Weinberg equilibrium (HWE) using the Whole-genome Association Study Pipeline (WASP) (30) . We removed individuals with low genotyping efficiency (,95%), with gender discrepancies (based on X-chromosome heterozygosity scores), with apparent relatedness (using Identity by State-IBS statistics) and individuals who had ,0.90 probability of being from European descent. SNPs were eliminated with low genotyping efficiency (,95%), with no minor allele (monomorphic) and with deviation from HWE in the overall population (,0.0001). This process was repeated to ensure that the data were thoroughly cleaned. After stringent quality control criteria, we retained 2722 individuals (1343 cases and 1379 controls; 1735 females and 987 males) and 46 874 SNPs.
Analysis
We examined 149 SNPs using Armitage trend tests. From our previous study (15) , we stratified SNPs from the genes in the IL7RA-IL7 pathway by the HLA-DRB1 * 1501 risk allele using the surrogate SNP rs3135388: by the presence of the risk allele (genotypes AA and AG) (HLA+ stratum) and the absence of the risk allele (genotype GG) (HLA2 stratum) (11) . Given that our previous study demonstrated SNPs within SOCS1 were differentially significant in either the HLA+ or HLA2 strata, we chose to perform this stratified analysis on all SNPs within this region of chromosome 16 (including those within CLEC16A and CIITA).
To determine whether the signals (SNPs with the lowest P-value based on the Armitage trend test from each of the previous studies) were independent, we examined the LD patterns among these 149 SNPs. Using Haploview, we identified LD blocks and examined r 2 and D ′ values within this chromosomal region (31) . To test for possible interactions, multi-factor dimensionality reduction was performed for the most significant SNPs from each gene region (32) . In addition, we built a logistic regression model to examine interactions among all possible pair-wise combinations for the most significant SNPs (based on P-values) from each gene region. If there was a significant interaction between two SNPs using logistic regression, then we tested each SNP for an association with MS after adjusting for an interaction term.
